The low electron energy loss and complex dielectric functions of an arbitrary grain boundary and its proximity in ZnO thin films have been studied by using the spatially resolved electron energy loss spectroscopy. The critical point parameters have been determined by fitting the dielectric functions simultaneously with analytical line shape model. Gradual changes have been observed in the dielectric functions spectra. The critical points are found to redshift and then blueshift when the electron beam scanned across the grain boundary, which suggest the distinctive electronic structure not only of the grain boundary but also of the depletion region. In addition, comparison has been made between the experiment and the recent theoretical studies to account for the interband transitions that occur in the grain boundaries. Several features predicted by the theory are qualitatively found to be consistent with our results. The presence of dangling bonds instead of bond distortion is attributed to be the major cause of defects in the grain boundaries of ZnO.
applications.
2,3 Of particular is the realization of the nonlinear electrical behavior whose primary function is to against the transient voltage surge in electronic devices. 1 In addition, the strong optical scattering that occurs at the GBs has paradoxically assisted the formation of self-assembled laser cavities. 4 Although a great deal of effort has been devoted to the research of GBs, the fundamental knowledge of the local atomic and electronic structures remains unclear. Most of the macroscopic studies have usually suffered from the lack of direct access to the electronic band structure and therefore do not examine the GBs in great detail. 1 To date, they simply indicate the presence of a depletion region at the GBs. 1 On the other hand, microscopic probes with high precision will allow the exact determination of the electronic structure with the scale down to the submicron level. 4 -6 Although there have been a few studies concerning the use of electron probe to investigate the energy loss of the GBs, the majority is involved in the high-energy near-edge regime where only the unoccupied states in the conduction band are available. 5, 6 The low loss region is, however, more or less disregarded. In general, the low loss study provides information of the interband transitions and may offer an alternative to examine the local electronic structure at high spatial extent. 7 Moreover, the loss function and its derivatives, such as the complex dielectric functions and optical conductivity, allow direct comparison between the theory and experiment. 7, 8 Insights in these regards will complement the core-loss studies and shed light on the structure, chemistry, and electronic properties of the GBs in ZnO.
In this letter, we have studied the low electron energy loss and complex dielectric functions, (E), of an arbitrary grain boundary in ZnO polycrystalline thin film by using the spatially resolved electron energy loss spectroscopy ͑EELS͒. The critical point ͑CP͒ parameters of the interband transitions have been determined by the analytical expressions. The variation of the CP parameters across the GB signifies the apparent changes of the electronic structure in the vicinity of the GB. 9 In addition, by comparing our experimental results with the recent theoretical studies conducted by Oba et al., 10 we have qualitatively identified the interband transitions arising from the GB.
Thin films of ZnO are grown on amorphous fused silica by pulsed laser deposition in a high vacuum system. Deposition procedures have been given previously. 4 X-ray diffraction indicates a large mosaic spread of the microcrystallites and the absence of any preferential in-plane alignment. The room temperature EELS measurements are conducted in a transmission mode by using a Hitachi HF-2000 microscope operated at a beam voltage of 200 keV. The microscope is equipped with a cold field emission gun and a Gatan-666 parallel EEL spectrometer with an energy resolution of 0.5 eV determined by the full width at half maximum of the zero loss peak. This setup allows the production of a 7 Å diameter electron beam with a spatial resolution higher than 2 nm. Low energy loss spectra are line scanned from the grain to the grain boundary. The removal of the zero loss function using the Lorentizian fitting routine and the convergence and angular correction have been carried out for spectrum a͒ Electronic mail: hcong@phy.cuhk.edu.hk APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 2 8 JULY 2002 correction. 7, 11 The Kramers-Kronig analysis is used to convert the loss functions to the corresponding (E).
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Figure 1 illustrates the energy loss spectra of ZnO line scanned across the GB after the removal of the zero loss and multiple scattering. The loss function of the grain interior exhibits essentially the bulk character and the bulk plasmon peaks are clearly visible at 18.8 eV. Several minor peaks observed at 3.86, 5.82, 9.5, 13, and 21.7 eV are determined to be the interband transitions. 12, 13 Among them, the peaks at 5.82 and 9.5 eV are assigned to the transitions from the O 2p states to the unoccupied conduction band while the peaks at 13 and 21.7 eV are ascribed to the transitions arise from Zn 3d and O 2s levels, respectively. 13 The loss at 3.86 eV is assumed to be of defect origin that associates with the excitations from the deep states in the gap. 12 The loss function is consistent with that of Hengehold et al. taken by using a single crystal.
14 As the electron beam is moving towards the GB, however, the loss profile slowly changes, which corresponds to the change of the electron transitions at the GB. The profile is becoming slightly level overall and several features begin to arise. In order to clarify the difference between the energy losses of the grain and grain boundary, second derivative spectra instead of the raw data are examined. After the smoothing procedure by using the fast Fourier transform ͑FFT͒ filter, the differentiated loss spectra are presented in Fig. 2 . The line spectra indicate most of the loss peaks are reducing in intensity and the features at 5.82 and 9.5 eV are changing gradually over to two prominent peaks at 7 and 10.33 eV. In addition, the peak at 21.7 eV is split into two small peaks appear at 20.75 and 22.44 eV. The attenuation of the bulk plasmon is accompanied with the emergence of a peak at 17.74 eV, which can be attributed to the interface plasmon. The plasmon is also found to blueshifted slightly in the GB even though it is almost completely masked by the 17.74 eV peak.
The complex dielectric functions have been determined by using the Kramers-Kronig analysis and are plotted in Figs. 3͑a͒ and 3͑b͒ . The (E) of the grain interior are shown to agree well with that of the bulk obtained from the reflectivity measurement.
14,15 Slight disparity is noticed although it is expected from two different methods. In the GB dielectric functions, however, notable changes have been observed with respect to that of the spectra from grain, especially at the energy range of 5-13 eV where transitions of O 2p and Zn 3d levels dominate. 9, 13 In fact, most of the fine structures given in the grain spectra are being smeared out at this energy region. The intensity of the imaginary part of the dielectric functions, 2 , is also found to increase in the GB and peak-like features are visible at 6.08, 9.22, and 11.54 eV.
It is known that (E) corresponds to the joint density of states ͑JDOS͒ in which electron excitations will take place when both the densities of the valence and conduction states involved in the relevant transitions are significant. 16 In addition, the structure of the (E) can be considered as a sum of contribution from all allowable transitions at the CPs, which can be analyzed in terms of the line shape expression given as 9 
͑E ͒ϭCϪAe
for one CP, where A, , E c , and ⌫ are the amplitude, phase angle, energy position, and the line broadening. The n indicates the dimensionality of the CP. The parameters from 5 to 10 eV have been determined by fitting the second-derivative (E) spectra simultaneously using three two-dimensional ͑2D͒ CPs and the results are summarized in Fig. 4 . The shaded area is the GB. The best fits along with the second derivative spectra are illustrated in Figs. 3͑c͒ and 3͑d͒ . The CP positions are found to remain relatively constant in the grain interior. However, they redshift slightly in the proximity of the GB and blueshift at the GB. Likewise, the ampli- tude and line broadening behave similarly when changes occur not only at the GB but also near the GB. Although the origin of the redshift of CPs remains unclear, it may be attributed to the presence of a back-to-back potential barrier region in the vicinity of the GB where positive and negative charges are distributed unevenly and therefore depleted. 17 In addition, the bond distortion before reaching the GB may also give rise to such a change. Nonetheless, our results in fact indicate the electronic structure of the depletion region is quite distinct from the grain interior as well as the GB.
Finally, an attempt has been made to assign the transition processes responsible for the EEL and dielectric functions observed in the GB. Recently, Oba et al. have calculated the electronic structures of the GBs in ZnO using ab initio planewave pseudopotential and the first principle methods. 10 Two GB models have been considered in which the structure is either made up of small bond distortion together with dangling bonds or large bond distortion but without dangling bonds. It is shown that the DOS of GBs indeed are quite different from that of the grain with distinguishable changes observed in the general shapes of the valence and conduction bands. In particular, their calculations have illustrated that the presence of dangling bonds at the GB will not only affect the conduction band edge where most of the defect states locate, but also the resulting O 2s valence band. Dangling bonds broaden the O 2s band as well as split it into two smaller levels. Hence, their work may offer a preliminary background for us to elucidate the electronic transitions in the EEL and dielectric functions. To begin with our comparison, we first consider the entire DOS of the GBs displayed in Ref. 9 . It has been shown that the valence DOS of the GBs are flatter and wider than that of the grain whereas the DOS of the conduction edge are higher. However, major changes in the valence band structure occur at the energy range of Ϫ4 to Ϫ7 eV where the transitions involve primarily of O 2p and Zn 3d states. Therefore, it is reasonable to correlate the increase of the O 2p and Zn 3d excitations to the JDOS, which results in the change of the intensity and peak position of 2 at 5-15 eV. This is consistent with the experiment. Likewise, the same scenario applies to the variations in the GB loss function. On the other hand, the evolution of two peaks at 20.85 and 22.44 eV in the EEL can be described by the splitting of the O 2s level leading to the conclusion that dangling bonds instead of bond distortion are prevailing in our GB. 10 In fact, our previous study on the second harmonic generation of ZnO thin films has indicated a significant part of the nonlinear optical output is generated by the dipoles, or dangling bonds, at the GBs, 18 which agrees with our argument.
In summary, we have mapped out the complex dielectric functions in the proximity of an arbitrary ZnO GB by using the scanning EELS and determine the CP parameters analytically. The dielectric functions of the GB are found to be quite distinct from that of the grain as well as the depletion region and this indicates observable changes of the electronic structure across the GB. Our results have been compared with the recent studies on the ZnO GBs and fair agreement is reached despite more experimental and theoretical work should be carried out. We believe the dangling bonds instead of bond distortion are the primary cause of defects in the GB. 
